INTRODUCTION {#S1}
============

While the initial goal of suicide gene therapy for cancer treatment was to maintain or increase tumor cell killing while sparing normal tissue toxicity, this approach also provided an opportunity to discover new drugs with potentially novel mechanisms of action that would lead to greater antitumor efficacy.^[@R1]^ In addition, identifying the mechanism by which drugs used in suicide gene therapy elicit cytotoxicity may provide new, novel drug combinations that can enhance gene therapy without compromising its selectivity. One of the most widely used and studied suicide gene therapy approaches utilizes the herpes simplex virus thymidine kinase (HSV-TK) to activate the antiviral drug ganciclovir (GCV) to produce a non-traditional active metabolite with the potential for a novel mechanism of action leading to greater cancer cell killing. Indeed HSV-TK/GCV exhibits unique kinetics of cell killing and a remarkably mild effect on DNA synthesis that distinguishes it from traditional nucleoside analogs. The resulting excellent antitumor activity in preclinical studies has prompted numerous clinical trials, with promising results in a combination approach in patients with prostate cancer.^[@R2]--[@R4]^

HSV-TK/GCV is the most widely used suicide gene therapy approach both *in vitro* and *in vivo*. However, little attention has been focused on the mechanism by which it produces cell death. Similar to other nucleoside analogs, cytotoxicity requires activation of GCV (mediated by HSV-TK) to GCV 5'-triphosphate, which competes with dGTP for incorporation into DNA in internucleotide linkages.^[@R5],[@R6]^ While GCV shares this basic mechanism of cytotoxicity with other HSV-TK substrates, including the efficacious antivirals acyclovir (ACV) and 1-β-D-arabinofuranosylthymine (araT), GCV induces multi-log cell killing at sub-micromolar concentrations, whereas ACV and araT were weakly cytotoxic at concentrations \>100 µM.^[@R5]^ We have demonstrated previously that limited phosphorylation of ACV likely accounts for its poor cytotoxicity. However, araT is phosphorylated and incorporated to a greater degree than GCV, thus the reason for the inferiority of araT is not clear.

A few studies have attempted to address the mechanism by which GCV causes cell death. A study in B16 murine melanoma cells indicated GCV induced a morphological change in cells due to the reorganization of components of the cytoskeleton as well as an accumulation of cells in G2/M after a 48--72 hr incubation.^[@R7]^ It has also been reported that GCV treatment results in a decline in Bcl-2 levels and activation of caspases, leading to apoptosis.^[@R8]^ While these studies highlight pathways utilized by GCV that lead to cell death, they do not address the mechanism by which GCV is many logs more cytotoxic than other HSV-TK substrates. To begin addressing the consequences of GCV in DNA, Thust et. al demonstrated that GCV induced sister chromatid exchanges and chromosome breaks and translocations, whereas another substrate for HSV-TK, ACV, did not.^[@R9],[@R10]^ In light of the fact that sister chromatid exchanges arise as a consequence of homologous recombination repair (HRR),^[@R11]^ these results suggest that DNA damage and pathways involved in its repair differ significantly between these drugs.

In a comparison of the events that lead to cytotoxicity for GCV and araT, we reported a unique manner of delayed cell death in response to GCV.^[@R5]^ Cells completed one cell division after incubation with GCV. However, when they attempted to progress through the cell cycle for a second time, they were blocked in S phase where they remained until cell death occurred. In contrast, cells treated with araT accumulated in S phase and growth was inhibited for at least two days after drug washout, but subsequently cells progressed through the cell cycle and the cell number increased. This suggests that, with GCV treatment, an event occurring during this second round of DNA replication caused cells to permanently arrest in S phase, resulting in cell death whereas araT produced greater disruption during the first S-phase.

In order to further understand the mechanisms by which these drugs elicited cytotoxicity, we evaluated the consequences of DNA incorporation for GCV and araT. We hypothesized that the distinct cell cycle kinetics of cell death with GCV and araT would result in measurable differences in the induction of a DNA damage response. Therefore, we wished to measure the extent and time course of DNA damage and its repair following treatment with GCV compared to araT. In addition, we evaluated a role for homologous recombination repair (HRR), as our previous studies in a yeast model indicated this repair pathway could rescue cells from GCV cytotoxicity,^[@R12]^ and prior reports of sister chromatid exchanges promoted by GCV^[@R9],[@R10]^ suggested a role for HRR. Furthermore, we evaluated the extent to which each drug activated the two major DNA damage response pathways, mediated by ATR and ATM. Collectively, the results demonstrate a dramatic difference in the type and degree of DNA damage with GCV relative to araT, leading to distinct mechanisms of cell death.

Materials and Methods {#S2}
=====================

Cell Culture {#S3}
------------

U251 human glioblastoma cells were maintained in exponential growth in RPMI 1640 medium supplemented with 10% calf serum (GIBCO, Grand Island, NY) and L-glutamine (Fisher Scientific, Pittsburgh, PA) in a humidified atmosphere at 37°C with 5% CO~2~. For stable expression of HSV-TK, U251 cells were transduced with a retroviral vector encoding the herpes simplex virus type 1 thymidine kinase, using the retrovirus long terminal repeat for a promoter, and the neomycin resistance gene for selection as previously described.^[@R5]^ HSV-TK-expressing cells were selected with G418, and individual clones were expanded and maintained in medium containing G418. HSV-TK expression was determined by incubating cells with GCV and measuring phosphorylated GCV metabolites in cell lysates.

Analysis of γ-H2AX foci formation by laser scanning confocal microscopy {#S4}
-----------------------------------------------------------------------

Cells were grown on chambered slides for 48 hr prior to drug addition. After incubation with drug, the cells were washed with PBS and then fixed and permeabilized with acetone/methanol (50:50 v/v) for 10 min. The fixed cells were then washed with PBS, blocked with 10% goat serum for 1 h, incubated with γ-H2AX primary antibody (1:400 dilution; Upstate, Charlottesville, VA) for 1 h, washed, incubated with AlexaFluor 488 conjugated goat anti-rabbit secondary antibody (1:200 dilution; Molecular Probes, Eugene, OR) for 1 h, washed and mounted with ProLong antifade kit (Molecular Probes, Eugene, OR). Slides were imaged with a Zeiss LSM510 confocal microscope using a 60× objective lens. Images of representative cell populations were captured, and γ-H2AX foci were counted visually. At least 5 -- 16 cells per well were counted with triplicate wells per condition, and each experiment was performed at least three times.

Analysis of Rad51 foci formation by laser scanning confocal microscopy {#S5}
----------------------------------------------------------------------

Cells were grown on chambered slides for 48 hours prior to drug addition. Drug was added for 24 hours unless otherwise noted. At specified time points, cells were washed with PBS and permeabilized with Triton-X buffer (0.5% Triton, 20mM Hepes, 50 mM NaCl, 3 mM KCl, 300mM Sucrose) for 5 min. Permeabilized cells were then fixed with paraformaldehyde solution (3% PFA, 2% sucrose, 1X PBS) for 30 min, washed 3 times for 10 minutes in wash buffer (0.5% NP40, 0.3% Sodium Azide, 1X PBS), blocked with 10% goat serum for 1 hour, and incubated with rabbit anti-Rad51 primary antibody (1:1600 dilution; Calbiochem, La Jolla, CA) for 1.5 hours. Cells were then washed 3 times in wash buffer, incubated with AlexaFluor 488 conjugated goat anti-rabbit secondary antibody (1:2000 dilution; Molecular Probes, Eugene, OR) for 1 hour, washed 3 times in wash buffer then washed with DAPI (.1µg/ml DAPI in 1X PBS) and mounted with ProLong antifade kit (Molecular Probes, Eugene, OR). Slides were imaged with an Olympus FV500 confocal microscope using a 100× objective lens. Images of representative cell populations were captured, and Rad51 positive cells were scored visually (cells with ≥10 foci were considered positive). At least 63 -- 260 cells per well were scored with triplicate wells per condition, and each experiment was performed at least three times. Statistical significance was determined using a t-test.

Analysis of γ-H2AX and BrdUrd immunostaining by laser scanning confocal microscopy {#S6}
----------------------------------------------------------------------------------

Cells were grown on chambered slides for 48 hr prior to drug addition. Cells were incubated with 30 µM BrdUrd for 30 minutes at the conclusion of drug incubation. Cells were fixed, permeabilized, and stained for γ-H2AX as described above, using AlexaFluor 594 conjugated goat anti-rabbit secondary antibody. After the final wash, antibody complexes were fixed with 3.7% paraformaldehyde in PBS for 10 minutes. Cells were treated with 2.5 N HCl for 30 minutes at 37°C and stained with AlexaFluor 488 mouse anti-BrdUrd conjugate (1:20 dilution, BD Pharmingen, San Jose, CA) for 1 hr. Slides were mounted and imaged as described above. At least 14 -- 58 cells per well were counted with triplicate wells for each condition, and the experiment was performed at least twice. Percent positive cells were calculated as the number of cells positive for the indicated marker (BrdUrd or γ-H2AX) divided by the total number of cells examined. Percent γ-H2AX positive cells that were also positive for BrdUrd was calculated as the number of cells positive for both markers divided by the number of BrdUrd positive cells.

Analysis of γ-H2AX expression by flow cytometry {#S7}
-----------------------------------------------

After drug incubation, cells were harvested by trypsinization and washed with PBS. The pellets were resuspended in ice-cold PBS followed by the addition of cold 2% paraformaldehyde. Samples were then incubated at 4°C for a minimum of 30 min. Fixed samples were centrifuged and the pellets were resuspended in PBS containing 0.5% Tween 20 and incubated at 3°C for 15 min. PBS containing 0.5% Tween 20 and 5% serum (PBT) was added followed by centrifugation. Pellets were then resuspended in PBT. Anti-γ-H2AX antibody was added to each sample and incubated for 45 min at room temperature and then washed with PBT. The pellets were then resuspended in anti-rabbit phycoerythrin conjugate antibody (Sigma Chemical Co, St. Louis, MO) and incubated for 45 min at room temperature. Samples were washed with PBT and resuspended in 7-Amino Actinomycin D (7-AAD) (Molecular Probes, Eugene OR) and incubated at room temperature for at least 30 min prior to flow cytometric analysis. Analysis was performed on BD FacsCalibur at the University of Michigan Flow Cytometry Core Facility. At least 10,000 cells were evaluated for each condition, and the experiment was performed at least three times.

Western Blot {#S8}
------------

All western blots for Chk1(Cell Signaling), pChk1(Ser317)(Cell Signaling), and actin (Calbiochem) were performed on 10% polyacrylamide gels according to standard protocols. Western blots for ATM (Epitomics) and pATM(Ser1982) (Epitomics) were performed as described above with exceptions: resolving gels were 6% polyacrylamide, transfer buffer contained 10% methanol and transfers were carried out at 300 mAmps overnight at 4°C. All secondary antibodies were HRP conjugated and from Santa Cruz. Phospho-ATM bands were quantitated using Image J software from the NIH, version 1.41.

RESULTS {#S9}
=======

γ-H2AX foci were used to identify sites of DNA damage, such as DNA double strand breaks (DSBs) or stalled replication forks.^[@R13]--[@R17]^ Measurement of γ-H2AX foci demonstrated a dose-dependent increase in γ-H2AX foci after a 24 hr incubation with GCV in U251tk cells, relative to untreated control cells ([Fig. 1A and B](#F1){ref-type="fig"}). Incubation with the non-cytotoxic IC~10~ (0.03 µM) for GCV resulted in a 4.4-fold increase (±2.9) in γ-H2AX foci which was not significantly different from control (p = 0.3). Treatment with the IC~50~ (0.05 µM) or IC~90~ (0.2 µM) for GCV, however, significantly increased the number of γ-H2AX foci per cell (14.3 ± 6.3 fold and 24.4 ± 6.8 fold, respectively; p\<0.001) indicating a substantial increase in DNA damage.

γ-H2AX expression was also assayed by flow cytometry in order to evaluate the effect of increasing drug concentrations on total γ-H2AX fluorescence. In untreated control cells, only 2% of the cells expressed detectable levels of γ-H2AX. Treatment with 0.2 and 1 µM GCV (≥IC~90~) for 24 hr significantly increased the percentage of cells expressing γ-H2AX to 20% (p\<0.01) and 59% (p\<0.001), respectively ([Figs 1C and D](#F1){ref-type="fig"}). Thus, two different independent methods have demonstrated an increase in γ-H2AX with increasing GCV concentration. Because quantifying the number of sites of DNA damage per cell provided a more definitive assessment of the extent of DNA damage compared to measuring simply the percentage of cells positive for γ-H2AX, subsequent experiments measured DNA damage using *in situ* immunohistochemistry.

Previously we have demonstrated that, although cell cycle progression is slowed during incubation with GCV, cells completed S-phase and divided. The lethal insult occurred during the second S-phase when cells were permanently arrested. Therefore we hypothesized that the DNA damage observed during GCV incubation ([Fig. 1](#F1){ref-type="fig"}) was repaired enabling completion of the first S-phase, but additional DNA damage was incurred during the second S-phase. To test this hypothesis, U251tk cells were treated with either non-toxic (IC~10~) or cytotoxic (IC~50~, IC~90~) concentrations of GCV for 24 hr and assayed for γ-H2AX foci formation ([Fig 3](#F3){ref-type="fig"}). At each concentration of GCV tested, an increase in foci was apparent within 12 hr after drug addition, continued through the end of the incubation, and decreased by 12 hr after drug washout. At the IC~10~ for GCV, the number of foci was \<5-fold greater than control levels throughout the 48 hr post-washout period. The two cytotoxic concentrations of GCV produced a considerably greater number of γ-H2AX foci, increasing to \~15 -- 25-fold higher than control at the conclusion of the incubation. This high level of DNA damage appeared to be repaired, as the number of γ-H2AX foci decreased to ≤5-fold more than control by 12 hr after drug washout without a substantial decrease in cell number. However, after 24 hr following washout of GCV at the IC~50~ or IC~90~, the number of foci increased to greater than 10-fold over control, at which point massive loss of cells was apparent.

In view of the fact that cells treated with GCV arrest permanently during the second round of DNA replication following drug incubation,^[@R5]^ we wished to verify that the presence of DNA damage at that time, indicated by γ-H2AX foci, predominated in S phase cells. Cells were treated with either no drug (control) or GCV (IC~10~, IC~50~ and IC~90~) for 24 hr, then incubated with 5-bromo-2'-deoxyuridine (BrdUrd) for 30 min to identify cells actively replicating DNA, followed by staining for both BrdUrd in DNA and γ-H2AX. At drug washout (0 hr), the majority of γ-H2AX positive cells were in S phase, as indicated by BrdUrd incorporation, with a decrease to approximately one-quarter to one-half of γ-H2AX positive cells in S-phase by 24 hr after GCV washout ([Table 1](#T1){ref-type="table"}). At 48 hr after washout of GCV at its IC~50~, more than 70% of γ-H2AX labeled cells were in S-phase. Although cells treated with the IC~90~ for GCV were not positive for BrdUrd at this time point, previously we have demonstrated that these cells are in S phase (propidium iodide staining) but with DNA synthesis decreased by more than 80%.^[@R5],[@R18]^ Thus, the large increases in γ-H2AX foci observed with cytotoxic concentrations of GCV occurred primarily in S-phase cells. In particular, cells dying in the second S-phase incurred significant DNA damage.

For comparison, we measured the effect of araT on γ-H2AX foci formation. After incubation of U251tk cells with the IC~10~, IC~50~, and IC~80~ for araT (1 µM, 11 µM, and 100 µM, respectively) for 24 hr, a concentration-dependent increase in γ-H2AX foci was observed ([Fig 3A and B](#F3){ref-type="fig"}). However, the magnitude of foci formation was considerably less with araT (2 -- 3.5-fold increase compared to control) relative to a similarly or less cytotoxic concentration of GCV (15 -- 25-fold increase at IC~50~ and IC~90~, respectively; [Fig 1B](#F1){ref-type="fig"}).

Evaluation of the kinetics of foci formation with araT (IC~50~) during a 24 hr incubation revealed a small increase in the number of γ-H2AX foci (2.25-fold greater than control). The number of foci decreased by 12 hr after drug washout and remained slightly higher (approximately 1.7-fold) compared to control cells. No further increase was observed for up to 96 hr after washout ([Fig. 3C](#F3){ref-type="fig"}). Thus both the degree and pattern of DNA damage was substantially different with araT relative to GCV. The number of foci in response to araT was not greater than that produced by the IC~10~ (non-cytotoxic) for GCV, suggesting that the damage indicated by γ-H2AX foci was not sufficient to account for the cytotoxicity of araT.

The kinetics of γ-H2AX foci formation observed with cytotoxic concentrations of GCV suggested that the initial drug-induced DNA damage was repaired, consistent with our finding that the cells completed progression through the cell cycle,^[@R5]^ but the secondary onset of damage was not repaired ([Fig. 2](#F2){ref-type="fig"}). In contrast, damage initiated by araT appeared to be repaired prior to drug washout without further evidence of DNA damage thereafter. Because we have previously demonstrated that araT and GCV produce S-phase accumulation and a slowing of DNA replication, we wished to determine whether HRR, the primary repair pathway for stalled replication forks and DNA DSBs during S-phase^[@R19],[@R20]^ was utilized to repair the damage. Following addition of GCV or araT, Rad51 positive cells were measured as an indicator of HRR.^[@R21]^([Fig. 4](#F4){ref-type="fig"}) For both drugs, the number of Rad51 foci increased after drug addition and through 12 hr post drug washout, after which foci decreased but remained elevated for at least another 60 hr. Analysis of the number of foci per cell in positive cells only revealed no significant difference between GCV and araT (data not shown). Thus, both drugs produced a similar activation of Rad51.

With evidence of DNA damage and its repair, we wished to determine the pathway responsible initiation of the γ-H2AX response. Thus, we evaluated the extent to which cells utilized the DNA damage response pathways initiated by ATR and/or ATM following GCV or araT exposure. In response to replication stress, ATR kinase is activated, and its activity can be measured by phosphorylation of its downstream target, Chk1 on serine 317. Western blot analysis revealed that Chk1 phosphorylation was most pronounced during incubation with araT, whereas it decreased rapidly following drug washout and persisted at low levels at all subsequent time points evaluated. These results are consistent with the strong DNA replication block that occurs during araT incubation but is relieved following drug washout.^[@R5]^ GCV also induced an increase in Chk1 phosphorylation that was apparent both during and after drug incubation. These data indicate that, while both drugs initiated an ATR response, araT induced a more transient effect.

DNA damaging agents that produce DNA double strand breaks (DSBs) result in activation of ATM kinase, which can be detected by autophosphorylation at S1982. In response to araT (IC~90~), there was less than a 6-fold increase in ATM phosphorylation which persisted throughout the time course evaluated. When GCV (IC~90~) was added to cells, there was minimal activation of ATM during drug incubation. At 24 hr following drug washout, there was a dramatic increase in ATM phosphorylation, achieving an increase of nearly 20-fold by 72 hr post washout compared to control, indicating a strong DSB response. Together with the γ-H2AX data, ATM phosphorylation identifies the late-occurring DNA damage with GCV as DSBs, whereas cytotoxicity with araT is not due to a strong DSB response.

DISCUSSION {#S10}
==========

Most nucleoside analogues elicit cytotoxicity through incorporation into DNA.^[@R22]--[@R24]^ However, the extent and mechanism of cell killing can differ between these drugs even though their primary event leading to cytotoxicity is similar. We have demonstrated previously that GCV was more cytotoxic than araT, despite the fact that U251 cells incorporated at least 5-fold more araTMP than GCVMP into DNA, suggesting that the functional consequences of incorporation induced by these nucleoside analogues are different.^[@R5]^ Here we have compared the extent and kinetics of DNA damage induced by exposure of tumor cells to GCV or araT, as well as the DNA damage response pathways utilized by these drugs. The results demonstrated that GCV induced significantly more DNA DSBs than araT at similarly cytotoxic concentrations as measured by γ-H2AX and ATM phosphorylation. The biphasic kinetics of DNA damage observed uniquely with GCV reflected the role of HRR in a failed attempt at DNA repair, leading to multi-log cytotoxicity. Taken together, these data support a distinct mechanism for cell death with GCV compared to araT.

Previous studies have demonstrated that treatment of cells with ionizing radiation or cytotoxic drugs induces γ-H2AX foci formation in a dose-dependent fashion.^[@R17],[@R25]--[@R27]^ In the data presented here, we have used two different methods to demonstrate that induction of γ-H2AX increased in a dose-dependent manner with GCV. Following drug washout, the number of γ-H2AX foci decreased demonstrating that the cells were able to repair a portion of this damage. Time dependent resolution of foci formation has been demonstrated by others using ionizing radiation.^[@R15],[@R25]^ The results presented here differ in that we also observed an increase in γ-H2AX foci more than 24 hr after GCV washout, which to our knowledge has not been reported previously with other DNA damaging agents. This late increase in foci occurred only at the two cytotoxic concentrations of GCV (IC~50~ and IC~90~), suggesting that this represents the lethal insult. Although the number of foci after GCV washout did not reach as high a level as observed during drug incubation, loss of cells due to cell death at this point interfered with our ability to quantify foci. Co-staining for γ-H2AX and BrdUrd demonstrated that most of the γ-H2AX foci were in S-phase cells, consistent with our previous data demonstrating an S-phase arrest at the times corresponding to the second increase in γ-H2AX foci. Association of the late increase in γ-H2AX foci at 48 hr after drug washout with cells in S-phase following induction of HRR suggests that the lethal insult occurred during attempted replication or repair of DNA. While many studies have focused on determining DNA damage during drug incubation, the studies presented here indicate that the critical events leading to cell death may occur long after drug washout.

Following exposure of cells to araT, γ-H2AX foci formation was strikingly different from that observed with GCV. While there was a dose-dependent increase in foci formation with araT, the maximum number of foci was at least 7-fold lower with araT despite the fact that more araTMP was incorporated into DNA.^[@R5]^ This demonstrates that it is not simply the absolute amount of nucleotide analog incorporated into DNA but the consequences of that incorporation that is important for cytotoxicity. Furthermore, only GCV produced a second increase in γ-H2AX following drug washout that was coincident with cell death, demonstrating a role for late DNA damage in cytotoxicity. We have reported previously that apoptosis was induced similarly with both drugs, thus the increase in γ-H2AX foci following GCV treatment cannot be attributed to apoptosis.^[@R5]^ These findings and the fact that the γ-H2AX produced by araT was similar to that observed with a non-cytotoxic concentration of GCV implicates a different mechanism of cell death for araT vs. GCV.

Previous reports demonstrate that GCV induces sister chromatid exchanges, suggesting a role for HRR in responding to GCV-induced DNA damage.^[@R9],[@R10]^ We investigated a role for HRR by analyzing Rad51 foci formation following treatment with GCV and araT. The results demonstrated that HRR was induced only after drug washout for both drugs. Because HRR responds to both stalled replication forks as well as DSBs, we further analyzed the DNA damage response pathways initiated by GCV and araT. The results demonstrated that both drugs activated ATR and ATM, though with strikingly different kinetics. The activation of ATR primarily during araT exposure indicated greater replicational stress induced by this drug, consistent with the greater inhibition of DNA synthesis by araT.^[@R5]^ The low activation of ATM during and after araT exposure suggests that this pathway was used to restart stalled replication forks. In contrast, GCV induced modest activation of ATR during and after drug exposure, consistent with its more moderate effect on DNA replication. GCV induced activation of ATM only after drug washout, as HRR declined. The concurrent increase in ATM activation and γ-H2AX foci after GCV indicates that the foci represent DSBs, consistent with reports by others of GCV-induced DSBs in other cell types.^[@R8]^ A recent report also observed an increase in Chk1 phosphorylation, a late increase in activation of a downstream ATM substrate, Chk2, and an increase in γ-H2AX foci at a single late time point after addition of GCV and an adenovirus that transiently expressed HSV-TK.^[@R28]^ However, these studies evaluated only a single, high concentration of GCV with variable amounts of adenovirus for transduction. Furthermore, they did not report controls for the effect of the adenovirus alone and thus the relative contribution of adenovirus transduction vs. GCV to the checkpoint alterations cannot be determined.

Based on our findings, we propose the following model for GCV cytotoxicity: During the first cell cycle, GCVMP incorporation into DNA slows DNA replication resulting in activation of ATR/Chk1 and a subsequent increase in γ-H2AX foci formation as the cell attempts to replicate past or correct this lesion. Completion of DNA replication, as evidenced by progression through the cell cycle, allows γ-H2AX foci to resolve. During the next entry into S-phase, GCVMP in the DNA template either doesn't serve as a good substrate for replication, or it is recognized as fraudulent and the cell attempts to repair it. DNA replication is halted and HRR is used in an attempt to restart replication and/or repair the lesion as evidenced by an increase in Rad51. However, GCVMP blocks HRR from successfully completing repair, and strong activation of ATM concurrent with γ-H2AX foci indicates formation of DSBs that prevent completion of S-phase resulting in massive cell death. In contrast, araT produced a strong activation of ATR during drug incubation and a modest increase in ATR and ATM activation in the absence of γ-H2AX foci after drug washout, consistent with successful restarting of stalled replication forks. These data indicate that araTMP in DNA can stall replication but the cell can successfully resume synthesis. In contrast, GCVMP is accommodated more readily in the nascent DNA, but it will not support replication when present in the DNA template.

In summary, the data demonstrate that the inability of HRR to repair GCV-mediated damage produced DSBs that resulted in cell death with GCV, whereas the mechanism of cell death with araT was distinctly different. Furthermore, at similarly cytotoxic concentrations DNA damage was less severe with araT and did not persist, whereas GCV induced greater DNA damage and it occurred in biphasic fashion. We suggest that GCVMP in the template blocked successful repair by HRR, leading to cell death. In contrast, we suggest that most of the DNA damage induced by araT was repaired, and cell effects other than direct DNA damage, such as signaling to cell death pathways,^[@R29]^ results in cytotoxicity. These studies highlight that a novel mechanism accounts for the impressive antitumor activity of HSV-TK/GCV suicide gene therapy. These findings suggest that combining HSV-TK/GCV with approaches that compromise HRR will produce synergistic antitumor effects.
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###### GCV induces a dose-dependent increase in γ-H2AX

U251tk cells were incubated with GCV for 24 hr and assayed for γ-H2AX foci formation. (A) representative cells as captured by confocal microscopy; (B) quantitation of the number γ-H2AX foci per cell; (C) measurement of γ-H2AX expression by flow cytometry after a 24 hr incubation with 1µM GCV; (D) quantitation of percentage of γ-H2AX expressing cells from flow cytometry. Points represent mean of triplicate experiments; bars represent standard error.
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![Time course of γ-H2AX foci formation in response to GCV\
U251tk cells were incubated with GCV at the IC~10~, IC~50~ or IC~90~ for 24 h followed by drug washout. Cells were assayed by confocal microscopy for γ-H2AX foci formation at the indicated time points. Black bar indicates duration of drug incubation, points represent the mean of at least three experiments, bars represent standard error.](nihms313326f2){#F2}

###### araT induces a dose-dependent increase in γ-H2AX

U251tk cells were incubated with araT for 24 hr and assayed for γ-H2AX foci formation. (A) Representative cells as captured by confocal microscopy. (B) quantitation of the number γ-H2AX foci per cell. (C)U251tk cells were incubated with 100µM araT (IC~80~) for 24 hr followed by drug washout. Cells were assayed for γ-H2AX foci formation by confocal microscopy at the indicated time points and the number of γ-H2AX foci per cell was determined. Black bar indicates duration of drug incubation. Points represent the mean of at least three experiments, bars represent standard error.
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![Time course of Rad51 foci formation in response to GCV or araT\
U251tk cells were incubated with (▲) IC~90~ GCV or (■) IC~80~ araT for 24 h followed by drug washout. Cells were assayed by confocal microscopy for Rad51 at the indicated time points (positive cell = ≥10 Rad51 foci). Black bar indicates duration of drug incubation, points represent the mean of at least three wells from a representative experiment, bars represent standard error.](nihms313326f4){#F4}

![Time course of Chk1 phosphorylation in response to GCV or araT\
U251tk cells were incubated with (A) IC~90~ GCV or (B) IC~90~ araT for 24h followed by drug washout. pChk1(Ser317) was assayed by western blot at the indicated time points. Total Chk1 and actin were used as loading controls.](nihms313326f5){#F5}

![Time course of ATM activation in response to GCV or araT\
U251tk cells were incubated with (A) IC~90~ GCV or (B) IC~90~ araT for 24h followed by drug washout. pATM (Ser1982) was assayed by western blot at the indicated time points. Total ATM was used as a loading control.](nihms313326f6){#F6}

###### Colocalization of γ-H2AX and BrdUrd in response to GCV

U251tk cells were incubated with GCV at the indicated concentrations (IC~10~ = 0.03 µM, IC~50~=0.05 µM, IC~90~=0.2 µM) for 24 h followed by drug washout. Cells were assayed for γ-H2AX foci formation and bromodeoxyuridine (BrdUrd) staining at the indicated time points. Time = 0 represents the time of drug washout. Values represent the percentage of cells that stained positive for γ-H2AX (contained greater than 5 foci), BrdUrd, or both. At least 50 cells were counted at each time point. n.d.= not determined.

  ----------------------------------------------------------------------------------
               \% BrdUrd\   \% γ-H2AX\   \% of γ-H2AX Positive that are\   
               Positive     Positive     also BrdUrd Positive              
  ------------ ------------ ------------ --------------------------------- ---------
  **0 hr**     **C**        46 ± 9       26 ± 16                           67 ± 31

  **IC~10~**   57 ± 6       59 ± 20      64 ± 17                           

  **IC~50~**   65 ± 6       80 ± 16      79 ± 12                           

  **IC~90~**   85 ± 21      95 ± 3       86 ± 19                           

  **24 hr**    **C**        38           15                                75

  **IC~10~**   77 ± 28      11 ± 4       25 ± 35                           

  **IC~50~**   63 ± 5       20 ± 3       41 ± 8                            

  **IC~90~**   56 ± 62      72 ± 22      57 ± 61                           

  **48 hr**    **C**        n.d.         n.d.                              n.d.

  **IC~10~**   38 ± 3       8 ± 5        70 ± 42                           

  **IC~50~**   62 ± 8       72 ± 21      79 ± 14                           

  **IC~90~**   0            90           0                                 
  ----------------------------------------------------------------------------------
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